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jhuang@aphy.iphAbstract LiNi0.5Mn1.5O4d which possesses a high voltage of 4.7 V vs. Li
þ/Li and stable structure
has been considered as a promising cathode material for high energy Li-ion batteries. In this study,
well-crystallized LiNi0.5Mn1.5O4d nanorods with diameter of 50 nm and length of 500 nm were
synthesized by a hydrothermal-solid state process followed by a lithiation reaction. It delivers
120 mA h g1 discharge capacity under 30 mA g1 at 3.5–4.9 V, and 90 mA h g1 at 150 mA g1.
An unstable solid electrolyte interphase (SEI) ﬁlm with thickness 2–10 nm was observed by
transmission electron microscopy. The thick and unstable SEI layers are responsible for its low rate
performance and low coulombic efﬁciency during cycling.
& 2012 Chinese Materials Research Society. Production and hosting by Elsevier Ltd. All rights reserved.1. Introduction
Lithium ion battery is widely used for energy storage, portable
devices and electric vehicles and new cathode material is being
reported [1,2]. However, spinel LiMn2O4 is still well recognized
as a promising cathode material in lithium ion battery [3–5]. Theesearch Society. Production
reserved.
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.004
y.ac.cn (X. Huang).cycling behavior of stoichiometric LiMn2O4 at higher tempera-
tures can be improved by surface modiﬁcations or the substitution
of Mn by other transition metals (LiMxMn2xO4 with M¼Co,
Mg, Al, Cr, Ni, Fe, Ti, and Zn) [6,7]. LiNi0.5Mn1.5O4 is of special
interest due to its high discharge capacity of 140 mA h g1 and
attractive voltage plateau at around 4.7 V, which allows the
increase of the cell energy density [8]. Till now, hundreds of
papers on LiNi0.5Mn1.5O4 were published. They have reported
disparate electrochemical behaviors for samples prepared by
various routes, such as solid state reactions [8], sol–gel method
[9], modiﬁed pechini [10], spray drying [11], and hydro-thermal
[12]. From all these studies it is difﬁcult to get an answer on how
to optimize the materials. Most of the time, the characterization of
the obtained phases was not complete, i.e., the ‘‘Fd-3m’’ and
‘‘P4332’’ phases, the oxygen stoichiometry, etc. One dimensional
(1-D) nanosized electrode material has a superior rate capability
due to the short distances for Li-ion transport. In addition, the
1-D nanosized structure of the electrode may improve its
mechanical stability compared with zero-dimensional nanosized
systems (nanopowders) which tends to undergo decrepitating
Fig. 1 XRD patterns of (a) MnO2 and (b) LiNi0.5Mn1.5O4d.
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LiNi0.5Mn1.5O4 is supposed to have superior electrochemical
performance. We report here the successful synthesis of nanorod
shaped LiNi0.5Mn1.5O4 using a combined hydrothermal-solid state
reaction route and its electrochemical properties..
Although in general LiNi0.5Mn1.5O4 shows a good cycling
behavior, its initial coulombic efﬁciency is always low [14]. This
is related to electrolyte decomposition and formation of a solid
electrolyte interphase (SEI) on the surface. The existence of SEI
on LiNi0.5Mn1.5O4 was previously evidenced by Raman [15].
However, the formation mechanism of SEI is still controversial.
It has been supposed to be formed by the surface precipitation
of electrolyte reduction products on the negative electrode or
from a direct nucleophilic reaction between the cathode and
solvent molecules [16–20]. We also observed the SEI ﬁlm on
LiNi0.5Mn1.5O4 by TEM and discuss its effect on the electro-
chemical properties.
2. Experimental
2.1. Synthesis of b-MnO2 [21] and LiNi0.5Mn1.5O4 nanorods
A mixture of 0.01 M Mn(CH3COO)2  4H2O and 0.01 M
Na2S2O8 was dissolved in 80 ml of deionized water under
continuous magnetic stirring. Then the solution was trans-
ferred to a 100 mL Teﬂon autoclave and heated at 120 1C for
12 h for the hydrothermal reaction. After the reaction, the
precipitated product was ﬁltered and washed sequentially with
deionized and ethanol. The obtained anisotropic b-MnO2
powder was then calcined at 400 1C for 3 h in air.
For the synthesis of LiNi0.5Mn1.5O4 nanorods, a mixture of
CH3COOLi  2H2O, (CH3COO)2Ni  4H2O and b-MnO2 with a
1.05: 0.5: 1.5 M ratio was ﬁnely ground in a mortar, then
preheated at 360 1C for 4 h and annealed at 850 1C for 10 h in air.
2.2. Characterization
X-ray diffraction patterns were collected using a X’Pert Pro
MPD X-ray diffractometer (Philips, Holland) with Cu Ka
radiation (l¼1.5405 A˚). A scanning electron microscope (SEM)
(XL 30S-FEG, FEI Co., 10 kV) and a transmission electron
microscope (TEM) (JEOL 2010, 200 kV) were used to obtain
morphological and structural information.
For the electrochemical measurements, the electrodes were
made from 80 wt% active material, 15 wt% carbon black and
5 wt% binder (polyvinylidene ﬂuoride, PVDF). Al foil was
used as the current collector and a Li foil as the counter
electrode. The electrolyte consisted of 1 M LiBF4 dissolved in
a mixture of ethylene carbonate (EC) and diethyl carbonate
(DEC) (1:1 by volume). The electrochemical measurements
were performed in two-electrode Swagelok-type cells assembled
in an argon-ﬁlled glove box and cycled between 3.5 V and 4.9 V
using a Lands battery tester.3. Results and discussion
3.1. Structure and morphology
b-MnO2 precursor was formed from the hydrothermal process
and conﬁrmed by X-ray diffraction (Fig. 1a). LiNi0.5Mn1.5
O4d with Fd-3m space group was formed by the reaction ofthis precursor with lithium and nickel acetates. It indicates the
presence of a rock salt phase impurity usually ascribed to a
peritectoid reaction, namely LixNi1xO formed concomitantly
with oxygen vacancies (LiNi0.5Mn1.5O4d) [22]. The reﬁne-
ment of the cell parameters by full pattern matching leads to
a¼8.168 A˚ in agreement with the previous report [23]. Using
Scherrer equation, the crystallite size is calculated at 60 nm
on the (111) surface.
Due to the anisotropic rutile type structure of manganese
dioxide, it is quite easy to obtain b-MnO2 nanorods. The
formed particles have an average length of 2 mm and a
diameter of 30 nm (Fig. 2a), in agreement with previous works
[21]. After the heat treatment at 850 1C, the nanorods-likes
morphology was retained allowing the formation of aniso-
tropic LiNi0.5Mn1.5O4d particles with 500 nm length and
100 nm diameter (Fig. 2b). Isolated nanoparticles were evi-
denced by TEM. Furthermore, the electron diffraction pat-
terns show a typical single crystal structure in the [1, 1, 0]
direction and conﬁrm the formations of the disordered
Fd-3m phase (the existence of the P4332 polymorph in which
Ni and Mn atoms are ordered would lead to extra super-
structures) (Fig. 3) [24].
3.2. Electrochemical properties
Fig. 4 shows the initial charge–discharge curves and corre-
sponding differential curves. The initial charge capacity is
Fig. 2 SEM images of (a) b-MnO2 nanorods and (b) LiNi0.5
Mn1.5O4 nanorods.
Fig. 3 TEM image and electron diffraction patterns of LiNi0.5
Mn1.5O4d nanorods.
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(148 mA h g1). This is probably due to slight electrolyte
decomposition at such high voltages (above 4.5 V). The short
plateau at 4.0 V can be attributed to the Mn3þ/4þ redox
couple due to oxygen non-stoichiometry. Around 4.7 V, two
electrochemical plateaus are observed. The ﬁrst is a quasi-
plateau corresponding to the oxidation of Ni2þ/Ni3þ, through
a solid solution mechanism [10]. Then, the other ﬂat plateau
appears at 4.76 V. It is a typical of a two-phase reaction
during the oxidation of Ni3þ into Ni4þ, as reported by Kim
et al. based on ex situ XRD result [24]. The presence of these
two peaks at 4.70 V and 4.76 V is a typical signature of the Fd-
3m polymorph and can thus be used to discriminate between
the Fd-3m and P4332 space groups [24]. While a capacity of
120 mA h g1 is still obtained after 40 cycles, the initial
columbic efﬁciency is quite low (73%) and increased after a
few cycles to a maximum of 96% (Fig. 5). Such behavior
would be detrimental for using this material in Li-ion
batteries. The low columbic efﬁciency probably resulted from
the electrolyte decomposition at high voltage and/or the
formation of solid electrolyte interphase (SEI).
Fig. 6a shows charge–discharge curves at different rates
from 0.1 C to 2 C. At low rate 0.1 C, a classic ﬂat plateau at
4.76 V can be observed, while for higher rates it evolves to a
sloppy curve and leads to a lower capacity. The discharge
capacity is 120 mA h g1 at 0.5 C and 90 mA h g1 at 1 C.
Fig. 6b shows the capacity retentions at different rates. At
higher rates, a higher columbic efﬁciency and capacity retentioncan be seen. This can be explained through the presence of the
parasitic electrolyte degradation processes at the surface.3.3. Formation of SEI and its effect on the electrochemical
properties
As mentioned above, the low columbic efﬁciency of
LiNi0.5Mn1.5O4d nanorods probably resulted from the elec-
trolyte decomposition at high voltage and/or the formation of
solid electrolyte interphase (SEI). Here, we observed the
existence of SEI directly by TEM. Firstly, we observed the
spinel material before and after aging in the electrolyte. The
pristine sample was soaked in LiBF4 EC-DEC (volume 1:1)
electrolyte for 5 days at room temperature. Then it was
washed in DEC solvent and dried for the observation. All
the operations were done in the glove box. Fig. 7a shows a
well crystallized spinel phase and the fringe is still smooth after
aging in the electrolyte. This indicates that the surface
structure of LiNi0.5Mn1.5O4 is stable during aging and no
SEI ﬁlm is formed. This result is different with LiCoO2
nanosized particle, on which a 2–5 nm SEI ﬁlm is formed
after soaking in solvent and electrolyte [25]. According to
recent investigation on the SEI ﬁlm formation on naked
LiMn2O4 thin ﬁlm, the SEI formation is absent on (110)
surface but formed on (111) surface during soaking [26]. The
absent of the SEI ﬁlm on (110) face of LiNi0.5Mn1.5O4
nanorod is consistent with the results with LiMn2O4.
Fig. 4 (a) Initial charge and discharge curves of nanorods
LiNi0.5Mn1.5O4d and (b) Differential capacity vs. voltage curves
of LiNi0.5Mn1.5O4d between 3.5 and 4.9 V at 0.2 C.
Fig. 5 Cycle performances of nanorods LiNi0.5Mn1.5O4d at 0.2 C.
Fig. 6 Electrochemical performances of LiNi0.5Mn1.5O4d nanorods
at various C rates.
L. Wang et al.210Fig. 7b shows the TEM images of de-lithiated LiNi0.5Mn1.5
O4d. After charging to 4.9 V at a rate of 0.05 C followed by
keeping at this voltage for 24 h, a non-uniform amorphousSEI ﬁlm with a thickness ranging from 2 to 10 nm is observed
(Fig. 7b). The SEI is well spread on the cathode surface
without any cracks. It indicates clearly that SEI is formed on
LiNi0.5Mn1.5O4 during electrochemical reactions. It has been
reported that the SEI ﬁlm on the surface of LiMn2O4 is
dynamic changed and could not block the dissolution of Mn2þ
completely [26–28]. Therefore, the formation of a non-uniform
SEI ﬁlm could lead to the low columbic efﬁciency as shown in
Fig. 5. It is well known that SEI layer is an ionic conductor
and an electronic insulator. Although the formation of SEI
prevents the further degradation of electrolyte, thick layer may
hinder the Liþ transportation and lower the rate performance.
Determination of the SEI composition is an arduous work
as it has a small amount and at an amorphous state. More-
over, it is easily contaminated by air during the sample
preparation and the characterization process. Its composition
is normally characterized by X-ray photoelectron spectro-
scopy, Fourier transform infrared spectroscopy and Raman
Spectroscopy, etc. It is mainly composed of inorganic species
such as MF, LiF, Li2CO3 and LixPFyOz or LixBFyOz as well
as organic species such as polyethers and carbonates [29,30].
And the portion of these species varies based on the type of
electrodes, electrolytes and temperatures [31]. While some of
Fig. 7 TEM images of (a) aged powder and (b) nanorods
LiNi0.5Mn1.5O4d charged to 4.9 V.
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its thermodynamic equation can be written as the following:
Li2CO3$2Liþ1/2O2mþCO2m (1)
DfG(Li2CO3)¼1132.1904 kJ/mol [32], DfG(CO2)¼394.38
kJ/mol [32]
DrG¼SDfG(product)SDfG(reactant)¼737.81 kJ/mol40.
According to the Nernst equation,
DrG¼nEF- E¼3.82 V vs. Liþ/Li
which means that decomposition of Li2CO3 can be occurred at
43.82 V vs. Liþ/Li. Due to the formed SEI is not stable at
high voltages, no idea coulombic efﬁciency (less than 99.99%)
can be obtained in the following cycles. Coating Al2O3, ZnO,
Bi2O3, and AlPO4, etc on the electrode can modify the formationof SEI thus improving the electrochemical performances
signiﬁcantly [33]. It may help to form a stable SEI and get
enhanced coulombic efﬁciency.4. Conclusions
LiNi0.5Mn1.5O4d nanorods with Fd-3m structure have been
obtained through a facile hydrothermal and solid-state reaction
method. It delivers nearly 120 mA h g1 at 0.2 C after 50 cycles,
90 mA h g1 at 1 C. 2–10 nm SEI layer was observed on the
surface of LiNi0.5Mn1.5O4d electrode. The thick and unstable
SEI layers are responsible for its low rate performance and low
coulombic efﬁciency during cycling. A better understanding of the
surface reaction is necessary for developing this high voltage
cathode material for real battery applications.
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